Abstract-The influence of As atoms on the morphologies of GaSb quantum dots (QDs) is investigated. Without any special treatment, GaSb quantum rings (QRs) are observed in the embedded GaSb layer even when the uncapped layer reveals QDlike morphologies. With intentional As supply after the uncapped GaSb QD deposition, a QD to QR transition is observed. The phenomenon suggests that insufficient Sb atoms on the GaSb QDs would lead to the QD to QR transition as in the case of embedded GaSb layers. With extended Sb soaking time following GaSb deposition, QD structures could be well maintained for the embedded GaSb layers. A light-emitting diode operated at room temperature is fabricated based on the GaSb/GaAs QD structure. Identical peak positions in photoluminescence and electroluminescence (EL) spectra of the device show that type-II GaSb QDs are responsible for the observed EL.
I. INTRODUCTION

I
N the past few decades, low-dimensional nanostructures, such as quantum dots (QDs) and quantum rings (QRs) have played an important role in studies of the basic physics as well as in device applications [1] - [4] . Among all structures, the self-assembled GaSb/GaAs QDs have attracted much attention in recent years. This structure has unique optical properties due to the type II GaSb/GaAs band alignment where strong hole localization is observed [5] - [8] . Another related nanostructure based on the GaSb/GaAs material is the GaSb QRs. Unlike InAs QRs, GaSb QRs can be directly formed under different growth conditions by molecular beam epitaxy (MBE) without the annealing procedure following the partial capping of the GaAs layers [3] , [9] , [10] . The possible mechanisms responsible for this phenomenon are: 1) the strong surface tension that pulls the GaSb QDs radially outward, and 2) the Sb segregation of the embedded GaSb QDs resulting from intense As-Sb exchange. Since GaAs barriers are required to provide the hole confinement and intense As-Sb exchange is expected for the As/Sb interfaces, different morphologies could be observed for GaSb QDs embedded in GaAs layers and exposed to air. Careful treatment of the As/Sb interface is also very critical for good optical and electrical characteristics of the structure.
In this paper, the influence of As atoms on the morphologies of GaSb QDs is investigated. Without any special treatment, GaSb QRs are observed in the embedded GaSb layer even when the uncapped layer reveals QD-like morphologies. The formation of QR structures is attributed to repelled Sb atoms from the QD summits after the intense As-Sb exchange under As exposure. With intentional As supply following the uncapped GaSb QD deposition, a QD to QR transition is observed. This phenomenon suggests that insufficient Sb atoms on GaSb QDs lead to the QD to QR transition as in the case of embedded GaSb layers. With extended Sb soaking time after GaSb deposition, QD structures can be maintained in the embedded GaSb layers. The long Sb soaking procedure also enhances the photoluminescence (PL) intensity of the GaSb QDs such that light-emitting diodes (LEDs) can be fabricated based on this structure.
II. EXPERIMENTS
The samples discussed in this paper were grown on (100)-oriented semi-insulating GaAs substrates by a Riber Compact 21 solid-source MBE system. The sample structures are shown in Table I . The 3.0 monolayer (ML) GaSb QDs are grown on the GaAs buffer layers at 490 ºC with a V/III ratio of 2. One sample with a short soaking time (3 s), three samples with different Sb/As soaking times, and the last one with a long soaking time (75 s) were prepared, which are denoted as samples A, B, C, D, and E, respectively. The three samples with different Sb/As soaking time durations are prepared to investigate the influence of As atoms on the morphologies of GaSb QDs. The detailed growth procedure of the three samples are as follows: 1) first, 200-nm GaAs buffer layers are grown at 580 ºC on a GaAs substrate; 2) the substrate temperature is ramped down to 490 ºC in 105 s with the As shutter open to 0018-9197/$26.00 © 2011 IEEE For sample E, the growth procedure is the same as for sample A. The major difference is in the Sb soaking time duration after GaSb deposition. During QD growth, the reflection high-energy electron diffraction (RHEED) pattern changes from streaks to spots when the GaSb coverage exceeds 2.5 ML, which suggests a 2-D to 3-D growth transition [7] . During the 15 s of Sb soaking procedure before QD deposition, the RHEED pattern quickly changes from that of a (4 × 4) surface to a (1 × 3) surface. The phenomenon results from the considerable Sb-As exchange reactions and formation of an Sb-rich surface [11] . This means that ∼1.0 ML GaSb is formed on the surfaces under Sb 2 -rich background prior to further Ga deposition. The procedure is to provide an abrupt As/Sb interface for high-quality GaSb QD growth. To investigate the possibility of using the GaSb QDs in LED applications, the single QD structure consists of: 1) a 300-nm p = 2 × 10 18 cm −3 GaAs bottom contact layer; 2) a 400-nm undoped GaAs barrier layer; and 3) a 200-nm n = 2 × 10 18 cm −3 GaAs top contact layer. The GaSb QD is inserted in the middle of the undoped barrier layer.
Atomic force microscopy (AFM) measurements were carried out using a Nanoscope III system (Digital Instruments) to investigate the surface morphology. The cross-sectional transverse electron microscopy (TEM) measurement was performed using a JEM-2100F system in high-resolution mode. PL measurements were performed using a Jobin Yvon NanoLog3 system coupled with Xe and tungsten-halogen lamps. For device fabrication, standard photolithography and wet chemical etching were adopted. The device area was of 450 ×630 µm 2 . For light extraction, grid top contact was adopted. The positive and negative biases of measurements were defined according to the voltages applied to the top contact of the devices. A Keithley 6487 system was used to measure current-voltage (I-V ) characteristics and acted as the voltage source. 
III. RESULTS AND DISCUSSIONS
The 1 × 1 µm 2 AFM image of sample A is shown in Fig. 1(a) . As seen from the figure, QDs with an average height/diameter 5.7/48 (nm) were observed for the uncapped GaSb layer. The dot density reaches 5.1 × 10 10 cm −2 . For InAs/GaAs QDs, although pyramid-shaped QDs would be truncated after GaAs capping, it is generally accepted that the surface morphologies obtained by AFM measurements of the uncapped QDs would be similar to those of the buried dots [12] . However, for InAs/GaAs QDs, there are no group V interfaces as in the case of GaSb/GaAs QDs. The intense As-Sb exchange may lead to different morphologies for the uncapped and buried GaSb QDs. To investigate the phenomenon, a cross-sectional TEM image of sample A is shown in Fig. 1(b) . As seen from the AFM image, GaSb QDs are still visible on the GaAs surface. However, ring-like structures instead of QDs are observed for the buried GaSb layer. These results suggest that, with the GaAs capping layer, the GaSb QDs would transform into QRs. The As-Sb exchange at the GaSb/GaAs interfaces might be playing an important role in this phenomenon.
To investigate the influence of As atoms on the GaSb QDs, samples B, C, and D with different Sb/As soaking times were prepared. The AFM images of the three samples are shown in Fig. 2 . As seen in Fig. 2(a) , QDs are observed for sample B with 15-s Sb soaking. The average QD height, diameter, and density are 2.2 nm, 39.4 nm, and 4.1×10 10 cm −2 , respectively. As shown in Fig. 2(b) and (c), with the additional As soaking procedure, the QD density decreases. The density of samples C and D are 2.9 × 10 10 and 9.8 × 10 9 cm −2 , respectively. In addition, with increasing As soaking time, increasing numbers of ring-like structures are observed in the figures. The densities of the ring-like structures are 3 × 10 9 and 2.2 × 10 10 cm −2 for samples C and D, respectively. An interesting phenomenon is that the densities of QDs and QRs for these two samples are both ∼3.2 × 10 10 cm −2 , which is very close to the dot density 4.1 × 10 10 cm −2 of sample B. These results suggest that, with As exposure to the GaSb QDs, a QD to QR transition takes place. With increasing As soaking time, the QR density increases.
To explain the phenomenon, a model for the growth dynamics is proposed. After GaSb QD deposition, the As soaking procedure induces intense Sb-As exchange on the QD surfaces. Due to the larger strain on the summits of the QDs, most of the Sb atoms at the summits of QDs would then be repelled from the dots and desorbed to the vacuum chamber [9] , [13] . Therefore, with sufficient As soaking or long enough times, the QD structures gradually change to QR structures. Cross-sectional schematic diagrams describing the QR growth evolution are shown in Fig. 3 . The phenomenon explains why QR structures are observed for the buried GaSb layer even when QDs are observed for the uncapped GaSb layer.
The results of QR formation after As exposure suggest that, without any special treatment, the buried GaSb layer would tend to form QRs instead of QDs. However, if QD structures are required, a different growth procedure is necessary to maintain the QD morphologies. As described in the last paragraph, the formation of QR structures is attributed to repelled Sb atoms from the QD summits after the intense As-Sb exchange under As exposure. In this case, if sufficient Sb atoms are present on the GaSb surface, the excess Sb atoms may be able to protect the GaSb QDs from the damage caused by the As-Sb exchange. To verify this assumption, sample E with a longer Sb soaking time, i.e., 75 s, after GaSb deposition is prepared. The cross-sectional TEM image of the sample is shown in Fig. 4 . As shown in the figure, unlike the case of sample A, QD structures instead of QRs are observed for the buried GaSb layer. These results confirm the formation mechanisms of ring-like structures observed for the buried GaSb layer of sample A. In this case, without sufficient Sb atoms on the GaSb surfaces, QRs instead of QDs would be obtained. Therefore, to obtain GaSb/GaAs QDs, it is necessary to have a long Sb soaking time after QD deposition to provide excess Sb atoms on the GaSb surfaces so that QD structures could be maintained after GaAs capping layer growth. Although the embedded QD morphologies are already well maintained by extending the Sb soaking time to 75 s, the PL signals for the five samples are still too weak to measure. A possible reason for this phenomenon may be the defects introduced in the Sb/As interfaces while strong As-Sb exchange takes place. In this case, even when the Sb soaking time is long enough to protect the embedded GaSb QD morphologies, the Sb adatoms are still not enough to prevent As-Sb exchange on the interfaces. To improve the optical quality of the GaSb QD structures, another QD sample with similar growth conditions but extending the Sb soaking time to 120 s was prepared with a GaAs p-i-n structure.
The room-temperature PL spectrum of the sample under an excitation power density 0.95 W/cm 2 is shown in Fig. 5 . As shown in the figure, strong PL intensity is observed for the sample, which confirms our previous assumption that by further increasing the Sb soaking time the PL intensity of the GaSb QDs would be enhanced. In this case, the Sb adatoms on the GaSb QDs are sufficient not only to protect the embedded QD morphologies but also to prevent defect formation resulting from the Sb-As exchange in the GaSb/GaAs interface. Since a strong evidence for the type-II heterostructures is the PL peak blue shift with increasing excitation powers [14] , the PL peak energies of the sample under different excitation powers are shown in the inset of Fig. 5 . As seen from the figure, on increasing the excitation power density from 0.18 to 0.95 W/cm 2 , the PL peak position increases from 1.08 to 1.10 eV. This demonstrates that the PL signals are indeed from the GaSb/GaAs QDs. The EL spectrum of the device at −1.8 V is shown in Fig. 6 . As shown in the figure, an EL peak at 1.08 eV is observed for the device, which is close to that under the weak excitation condition of 0.18 W/cm 2 of the PL spectra. The power density of 0.18 W/cm 2 corresponds to 5.74 × 10 17 photons/s · cm 2 . When the device is at −1.8 V, the current density is 0.68 A/cm 2 , which corresponds to 4.24 × 10 18 electrons/s · cm 2 . Assuming that the quantum efficiency is 1.0 for PL, the results suggest that only about 13% of the injected electrons accumulate at the GaSb/GaAs interface and undergo optical recombination. Otherwise, the EL peak energy should be higher than the obtained value 1.08 eV, because the peak blue shift should be observed for type-II heterostructures with increasing injection carriers. This also suggests that by allowing the carrier confinement conditions in the device structure, such as replacing GaAs with AlGaAs materials, a better efficiency can be obtained. In this case, GaSb QD LEDs with much higher intensities can be expected in the future.
IV. CONCLUSION
In conclusion, GaSb QRs were observed in the embedded GaSb layer even when the uncapped layer revealed QD-like morphologies. To investigate this phenomenon, intentional As exposure after the uncapped GaSb QD deposition was performed. With the additional As exposure, a QD to QR transition was observed for the uncapped QDs. This phenomenon suggests that the As exposure on the GaSb QDs would lead to a QD to QR transition as in the case of embedded GaSb layers. With extended Sb soaking time (75 s) after GaSb deposition, QD structures could be maintained for the embedded GaSb layers. With even longer Sb soaking time (120 s), strong PL and EL intensities were observed for a GaSb QD p-i-n diode. The results suggest that, with the long Sb soaking procedure, the Sb atoms on the GaSb QDs would prevent the As-Sb exchange and maintain the QD morphology. Therefore, defects resulting from the As-Sb exchange may be gradually eliminated with increasing Sb soaking time. The fabrication of GaSb QDs with good optical characteristics is advantageous for the development of type-II light-emitting devices in the near-infrared range.
